Stoop, Ron, Annmarie Surprenant, and R. Alan North. Differ-and the antagonist pyridoxal-5-phosphate-6-azophenylent sensitivities to pH of ATP-induced currents at four cloned P2X 2,4-disulfonic acid (see Collo et al. 1996); differences in receptors. J. Neurophysiol. 78: 1837Neurophysiol. 78: -1840Neurophysiol. 78: , 1997. The effect of pH sensitivity among subunits could complement these. changing extracellular pH was studied on the currents induced More specifically, channels in native membrane can form by ATP or ab-methylene-ATP in HEK293 cells transfected with as heteromultimers, and this seems to occur particularly in different P2X receptor subunits. In cells expressing P2X 1 , P2X 3 , sensory ganglia such as the nodose ganglion (Lewis et al.
1995); it was therefore important to determine the pH sensi-
In cells expressing P2X 2 receptors, acidification increased the ATPtivity of the heteromultimeric receptors in addition to the induced current; this effect was also seen in cells expressing heterohomomultimeric receptors. Finally, it is possible, perhaps meric P2X 2 and P2X 3 receptors. At P2X 2 receptors, acidification caused a leftward shift in the ATP concentration-response curve, likely, that differences in pH sensitivity among the different without change in maximum; the pK a for this effect was 7.3. At receptors might result from differences in titratable amino P2X 4 receptors, acidification caused a rightward shift in the ATP acid side chains on the exposed extracellular aspect of the concentration-response curve, without change in the maximum; the channel, and their identification could provide useful clues pK a for this effect was 6.8. The pH dependence of the action of as to the disposition of the protein within the membrane. ATP should be taken into account in studies of synaptic transmis-For these reasons, we investigated the effects of changing pH sion, and it may provide a further tool to assign molecular identity on currents induced by ATP in mammalian cells expressing to P2X receptors expressed by brain neurons. P2X 1 , P2X 2 , P2X 3 , and P2X 4 receptors as well as cells expressing a heteromeric combination of P2X 2 and P2X 3 subunits (P2X 2/3 ).
I N T R O D U C T I O N
Changes in extracellular pH can be particularly marked
in the limited extracellular space of the nervous system, where they can result from intense neuronal activity (Chesler Heterologous expression of P2X receptors and Kaila 1992). Such changes may influence the function of cell surface molecules such as receptors and ion channels.
cDNA encoding the P2X 1 , P2X 2 , P2X 3 , and P2X 4 receptors was For example, currents activated by glutamate acting at N-originally cloned from human bladder smooth muscle (Valera et methyl-D-aspartate receptors are decreased by acidification al. 1995) , rat pheochromocytoma cells (Brake et al. 1994 ) (gift of D. Julius, University of California at San Francisco, CA), rat (Tang et al. 1990; Traynelis and Cull-Candy 1990) , whereas dorsal root ganglion cells (Lewis et al. 1995) , and rat brain (Buell the opposite effect is seen for the action of g-aminobutyric et al. 1996) , respectively. All were subcloned in pCDNA3 (Straacid (GABA) at GABA A receptors (Pasternak et al. 1992 ). tagene).
The proton sensitivity of the GABA response depends on the For transient transfections, 1 ml of Optimem (Life Technolosubunit composition of the receptor (Krishek et al. 1996) ; in gies) containing 1 mg of cDNA and 5 mg of lipofectin were placed the case of the neuromuscular acetylcholine nicotinic recep-in a 35-mm Petri dish containing four coverslips on which human tor, it depends on the species (Li and McNamee 1992) . embryonic kidney (HEK) 293 cells were plated (5 1 10 3 cells per P2X receptors for ATP receptors are also pH sensitive. coverslip). This medium was removed after 5-6 h of incubation Protons strongly potentiate the effect of ATP in rat nodose at 37ЊC and replaced with normal culture medium; recordings were ganglion neurons (Li et al. 1996) . A similar effect has been made 12-48 h later. More than 90% of the cells from which recordings were made responded to ATP, whereas untransfected reported for cloned P2X 2 receptors expressed in Xenopus cells did not (see Evans et al. 1995) . Stably transfected HEK oocytes (King et al. 1996) . However, there is a family of 293 cells expressing P2X 1 receptors, P2X 2 receptors, and P2X 2/3 P2X receptor subunits (Collo et al. 1996) , and it seemed receptors were also used (Evans et al. 1995; Kawashima et al. worthwhile to study the effects of pH on further subunits 1997).
for several reasons. First, the most abundant subunit RNAs Semliki forest virus was also used for expression of human P2X 1 found in the CNS are P2X 4 and P2X 6 rather than P2X 2 (Collo and rat P2X 2 , P2X 3 , and P2X 4 receptors in Chinese hamster ovary et al. 1996); P2X 2 receptor subunits have a rather limited (CHO) cells; the methods have been fully described in Evans et central distribution (Vulchanova et al. 1996) . Second, cur-al. (1996) . Experiments with transfected HEK 293 cells and inrently available pharmacological methods to discriminate fected CHO cells gave similar results for the individual P2X recepamong P2X receptor subtypes are limited; they are desensiti-tors and the experimental results obtained with both cell types have therefore been pooled. (Fenwick et al. 1982) , whereas pH was 3, in which the pH was varied systematically over a wider changed in both the superfusate and the U-tube solution that con-range. The P2X 2 receptor behaved as though it had a single tained the agonist. The changes in pH themselves did not cause titratable site responsible for changing the current amplitude significant changes in holding current at 060 mV. Agonist concentration-response curves were constructed by expressing currents as percentages of the maximal current evoked by the agonist at pH 7.3 in HEK or CHO cells. All currents were recorded at a holding potential of 060 mV. P2X 1 and P2X 3 receptors exhibit strong desensitization Valera et al. 1995) . Reproducible responses were obtained with these receptors by applying agonist for 1-s at intervals of 5 min. P2X 2 , P2X 2/3 , and P2X 4 receptors exhibit little or no desensitization and agonists were applied to these receptors for similar durations but at intervals of 60 s. Concentration-response curves were fitted by hyperbolic functions with the use of the least-squares method. ATP disodium salt, abmethylene-ATP lithium salt (abmeATP) and diethylpyrocarbonate were obtained from Sigma. Concentrations of the various forms of ATP were calculated with the use of EqCal (Biosoft).
R E S U L T S Acidification had quite opposite effects on the ATP-induced currents in cells expressing P2X 1 , P2X 3 , and P2X 4 receptors as compared with cells expressing P2X 2 or P2X 2/3 receptors. Figure 1 illustrates this for the five sets of cells for currents evoked by ATP or abmeATP applied at concentrations giving half-maximal effects (see Collo et al. 1996) . all cases, the effects of pH change reached a steady level the value at 7.3 in the same cell. Agonist, concentration, and number of within 30-60 s after the change in extracellular pH and did cells tested were as follows: P2X 1 : ATP 1 mM, n Å 4; P2X 3 : abmeATP not alter during longer exposure (up to 5 min).
PROTON EFFECTS ON CLONED P2X RECEPTORS
it was shown that changes in intracellular pH (6-9) do not lead to significant changes in the action of ATP at P2X 2 receptors (C. Lewis and A. Surprenant, unpublished observations) . The lack of effect of pH changes on the maximum current amplitude is more consistent with a change in the form of the ligand or its binding site, rather than a change in the conducting pore, although single-channel studies or permeability measurements would be needed to address the latter possibility. There are two reasons for thinking that the changes in current do not result from changes in the form of the ATP itself. First, currents are increased at some receptors and decreased at others. Second, calculations of the concentrations of ATP 40 , MgATP 20 , and CaATP 20 in the solutions used indicate that they change by õ10% when pH is altered in the range of 6.3-9.3 (see also Li et al. 1996) .
The contrasting sensitivity to pH of the P2X 2 and P2X 4 receptors therefore seems likely to result directly from differences in amino acid composition of the proteins. The four  FIG . 3 . Concentration-response curves for ATP at P2X 2 (top left) and receptors all have histidine residues within their presumed P2X 4 (bottom left) receptors for pH 6.3 (᭺), 7.3 (hatched squares), and extracellular loops (see Collo et al. 1996 ), but they are not 8.3 (q) . Titration curves generated for 10 mM ATP for P2X 2 (top right) at all conserved. In this loop, the P2X 1 receptor has 10 and P2X 4 (bottom right) receptors. Concentration-response values were histidines, the P2X 2 receptor 9, the P2X 3 receptor 2, and the normalized to the maximal response at pH 7.3 and show means { SE (n Å 3-6). Arrowheads: pH 6.3, 7.3, and 8.3. Lines are fitted to logistic func-P2X 4 receptor 3, but only 1 of these residues occurs in an tions. pH titration curves show means { SE for 13 (P2X 2 ) or 8 (P2X 4 ) equivalent position in only one of the pairwise alignments experiments normalized to the responses obtained at pH 7.3. Lines: best of the proteins. For example, there is no histidine that is fits to logistic functions constrained to unit coefficient. common to P2X 1 , P2X 3 , and P2X 4 but missing from P2X 2 and that might therefore account for the differences obwith a pK a of 7.3. In contrast, currents at the P2X 4 receptor served. It was possible that protonation of a histidine residue responded in the opposite direction to changes in pH with in a position unique to the P2X 2 receptor was responsible a pK a of Ç6.8. for the increase in current at low pH observed uniquely for The effects of pH on cells expressing the P2X 2 and P2X 4 that receptor, but this also seems unlikely in view of the receptors were studied over a range of ATP concentrations. lack of any effect of diethylpyrocarbonate. Further experiIn each case, there was no effect of pH on the maximal current ments will be needed to elucidate the particular amino acids induced by ATP and no marked effect on the slope of the that are responsible for the pH effects; histidines plays criticoncentration-response curves (Fig. 3) . Thus the main effect cal role in the binding of ATP to a P2Y receptor (Erb et al. of pH in each case was a parallel shift in the ATP concentra-1995). tion-response curve. Alteration in pH by two log units (6.3-The cells stably expressing P2X 2/3 receptors gave a rela-8.3) was equivalent to a 30-to 100-fold change in ATP con-tively sustained response to abmeATP, indicating that the centration; the respective pEC 50 values (negative logarithm of receptor population activated contained heteromeric comconcentration causing half-maximal effect) for pH 6.3, 7.3, plexes (see Kawashima et al. 1997; Lewis et al. 1995) . and 8.3 were 5.4, 4.8, and 3.7 in the case of P2X 2 receptors These had the same sensitivity to pH as homomeric P2X 2 and 5.7, 5.3, and 4.5 for P2X 4 receptors (Fig. 3) . receptors, being increased by acidification and decreased The pK a values for the P2X 2 and P2X 4 receptors are closest to those of histidine. Diethylpyrocarbonate, which carbethoxylates the imidazole ring of histidine (as well as the side groups of arginine, tyrosine, and cysteine) (Leonard et al. 1970) , did not change the effects of acidification on ATPevoked currents at P2X 2 or P2X 4 receptors (Fig. 4) . This treatment (diethylpyrocarbonate, 500 mM, 3 min, pH 6.3) reduced the maximal currents evoked by ATP to Ç50% of their control values in the case of the P2X 2 receptor (Fig.  4) , but it did not change the maximal current in the case of P2X 4 receptors (n Å 6). eromeric assembly, in addition to the kinetic properties EVANS, R. J., LEWIS, C., VIRGINIO, C., LUNDSTROM, K., BUELL, G., SUR-(slower activation, little or no decline during the application, PRENANT, A., AND NORTH, R. A. Ionic permeability of, and divalent cation effects on, two ATP-gated cation channels (P2X receptors) expressed in and lack of ''rundown'' with repeated applications) (see mammalian cells. J. Physiol. (Lond.) 497: 413-422, 1996 . Lewis et al. 1996) . It is noteworthy that nodose ganglion FENWICK, E. M., MARTY, A., AND NEHER, E. A patch-clamp study of bovine cells show the same effect of pH (Li et al. 1996) as observed chromaffin cells and of their sensitivity to acetylcholine. J. Physiol.
here for the P2X 2/3 heteromer, which is further evidence The physiological significance of the pH dependence reChannels. In press. ported here remains to be assessed. The inhibition of P2X 4 KING, B. F., ZIGANSHINA, L. E., PINTOR, J., AND BURNSTOCK, G. Full sensitivity of P2X 2 purinoceptor to ATP revealed by changing extracellular receptor-mediated currents observed by acidification (Fig. pH. Br. J. Pharmacol. 117: 1371 -1373 3) suggests that a change in pH of one-half unit would pH arising from neuronal activity or other causes (Chesler Sci. USA 67: 93-98, 1970. and Kaila 1992) would alter the effectiveness of ATP. It will LEWIS, C., NEIDHEART, S., HOLY, C., NORTH, R. A., BUELL, G., AND SURbe important to assess these effects by examining directly the PRENANT, A. Coexpression of P 2X2 and P 2X3 receptor subunits can account effect of pH on ATP-mediated synaptic transmission.
